A three-stage anaerobic sequencing batch reactor system was developed as a new anaerobic process with an emphasis on methane production from ethanol wastewater. The three-stage anaerobic sequencing batch reactor system consisted of three bioreactors connected in series. It was operated at 37 • C with a fixed recycle ratio of 1:1 (final effluent flow rate to feed flow rate) and the washout sludge from the third bioreactor present in the final effluent was allowed to be recycled to the first bioreactor. The pH of the first bioreactor was controlled at 5.5, while the pH values of the other two bioreactors were not controlled. Under the optimum chemical oxygen demand loading rate of 18 kg/m 3 d (based on the feed chemical oxygen demand load and total volume of the three bioreactors) with a bioreactor volumetric ratio of 5:5:20, the system provided the highest gas production performance in terms of yields of both hydrogen and methane and the highest overall chemical oxygen demand removal. Interestingly, the three-stage anaerobic sequencing batch reactor system gave a much higher energy production rate and a higher optimum chemical oxygen demand loading rate than previously reported anaerobic systems since it was able to maintain very high microbial concentrations in all bioreactors with very high values of both alkalinity and solution pH, especially in the third bioreactor, resulting in sufficient levels of micronutrients for anaerobic digestion.
Introduction
The production of biogas via anaerobic digestion processes has gained increasing interest worldwide due to being environmentally friendly and having a high energy yield [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The use of a two-stage process can improve process efficiency in terms of biogas production compared to single-stage anaerobic systems [11] [12] [13] [14] [15] . The anaerobic digestion process consists of four sequential steps: (i) hydrolysis (organic polymers are hydrolysed to water-soluble organic monomers such as sugars, and amino acids); (ii) acidogenesis (water-soluble organic monomers are converted to short chain fatty acids, carbon dioxide (CO 2 ), hydrogen (H 2 ), and alcohols by acidogens); (iii) acetogenesis (large molecular weight organic acids are further consumed by acetogens to produce acetic acid (HAc), CO 2 and H 2 ) and (iv) methanogenesis (acetic acid is finally converted to methane (CH 4 ) and CO 2 , and H 2 is also consumed with CO 2 to produce CH 4 ) [2, 16, 17] . The groups of bacteria involved in each step have different growth rates and require different environmental conditions [14] . Accordingly, a three-stage anaerobic process was hypothesized to give a higher process performance than singleand two-stage anaerobic processes, since it could provide suitable conditions in each bioreactor to meet the environmental requirements for each step of anaerobic decomposition. Indeed, previous work has stated that a three-stage upflow anaerobic sludge blanket (UASB) system could provide high values for both the overall chemical oxygen demand (COD) removal and the total energy yield [18] .
In this study, a three-stage anaerobic sequencing batch reactor (ASBR) system treating ethanol wastewater under a mesophilic temperature was operated at different COD loading rates to produce both H 2 and CH 4 with an emphasis on maximum CH 4 production. The pH of the first bioreactor was controlled at 5.5, whereas the pH values of the other two bioreactors were not controlled. In order to minimize the quantity of the NaOH solution used for pH adjustment, the final effluent from the third bioreactor was recycled to the first bioreactor with a fixed recycle ratio of 1:1 (final effluent flow rate to feed flow rate). To maximize the CH 4 production efficiency, the washout sludge present in the final effluent was recycled to the first bioreactor. Based on the different growth rates of the three groups of bacteria, the volumetric ratio of the three bioreactors was varied in order to maximize the production rate of CH 4 .
Materials and Methods

Seed Sludge Preparation
The seed sludge, which had been collected from the bottom of the UASB treating ethanol wastewater at Sapthip Co., Ltd., Lopburi, Thailand, was filtered through a 1 mm sieve in order to remove all large solid particles. For the first bioreactor, the seed sludge was heat-treated by boiling at 95 • C for 15 min to eliminate any H 2 -consuming bacteria and to enrich principally H 2 -producing bacteria [19] [20] [21] [22] , while the sieved seed sludge without heat-treatment was directly added to the second and third bioreactors. After adding the seed sludge, tap water was used to fill up all three bioreactors. The microbial concentration, in terms of mixed liquid volatile suspended solids (MLVSS), for the start-up in this study was about 5700 mg/L for each bioreactor.
Substrate Preparation
The ethanol wastewater was kindly supplied by the same factory, which uses cassava roots as the raw material for ethanol production. The ethanol wastewater mainly came from the bottom of the distillation columns, and it also contained a large quantity of unfermented cassava roots. Hence, it was sieved to remove these large solid particles and kept at 4 • C until use. The ethanol wastewater was used in this study without nutrient addition because it had a COD:nitrogen:phosphorous (COD:N:P) ratio of 100:2.3:0.7 (by weight) ( Table 1 ), indicating that sufficient amounts of nitrogen and phosphorus were available for anaerobic decomposition according to the theoretical threshold ratio of COD:N:P of 100:1:0.4 [19, 23, 24] . 
ASBR Setup and Operation
Figure 1 schematically illustrates the experimental set up of the three-stage ASBR system, which consisted of three bioreactors connected in series. All bioreactors were made from polyvinyl chloride pipes in order to inhibit the photosynthetic activities of bacteria and algae. The temperature of each bioreactor was controlled at 37 • C using a temperature controller connected to a heater [5] . The three-stage ASBR system was operated at either 6 or 8 cycles per day. At 6 cycles/d, each cycle of operation consisted of feeding (15 min), reacting (120 min), settling (90 min) and decanting (15 min). The time for all steps of each cycle was set by a programmable logic controller (PLC). The pH in the first bioreactor was controlled at 5.5 using a pH controller (Extech, 48PH2, Waltham, MA, USA) [5] with a dosing pump for feeding a 4% (w/v) NaOH solution, while the pH value in the other two bioreactors was not controlled. In order to minimize the consumption of NaOH for pH adjustment in the first bioreactor, the effluent of the third bioreactor was fed to the first bioreactor at a constant recycle ratio of 1:1 (final effluent flow rate to feed flow rate). 
Figure 1 schematically illustrates the experimental set up of the three-stage ASBR system, which consisted of three bioreactors connected in series. All bioreactors were made from polyvinyl chloride pipes in order to inhibit the photosynthetic activities of bacteria and algae. The temperature of each bioreactor was controlled at 37 °C using a temperature controller connected to a heater [5] . The threestage ASBR system was operated at either 6 or 8 cycles per day. At 6 cycles/d, each cycle of operation consisted of feeding (15 min), reacting (120 min), settling (90 min) and decanting (15 min). The time for all steps of each cycle was set by a programmable logic controller (PLC). The pH in the first bioreactor was controlled at 5.5 using a pH controller (Extech, 48PH2, Waltham, MA, USA) [5] with a dosing pump for feeding a 4% (w/v) NaOH solution, while the pH value in the other two bioreactors was not controlled. In order to minimize the consumption of NaOH for pH adjustment in the first bioreactor, the effluent of the third bioreactor was fed to the first bioreactor at a constant recycle ratio of 1:1 (final effluent flow rate to feed flow rate). For the feeding step, both the ethanol wastewater and the final effluent (without sedimentation) were introduced to the first bioreactor using two separate peristaltic pumps. For the reacting step, a magnetic stirrer (400 rpm) was used to obtain homogeneous mixing in each bioreactor. For the settling step, the microbial cells in all three bioreactors were allowed to settle by turning off the magnetic stirrers. For the final decanting step, the clarified liquid in each bioreactor was drained out by a peristaltic pump connected with a level probe. For any desired COD loading rate, the studied system was operated to reach a steady state condition before taking effluent and produced gas samples for analyses and measurements. The steady state was justified when the COD values and gas production rates of each bioreactor were invariant over time (<5% standard derivation).
For the first part, the three-stage ASBR system was operated at a COD loading rate range of 15-21 kg/m 3 d at 6 cycles/d because it was a continuation from previous work, where the optimum COD loading rate was 15 kg/m 3 d [25] . The liquid working volumes were fixed at 4, 6 and 20 L for the first, second and third bioreactors, respectively. In this set up, the system was found to provide the highest CH4 production efficiency at a COD loading rate of 18 kg/m 3 d. The higher optimum COD loading rate in the present study than that obtained from the previous investigation [25] , resulted from the higher microbial concentrations in all bioreactors and the recycled methanogens present in the final effluent to the first bioreactor in the present work. For the feeding step, both the ethanol wastewater and the final effluent (without sedimentation) were introduced to the first bioreactor using two separate peristaltic pumps. For the reacting step, a magnetic stirrer (400 rpm) was used to obtain homogeneous mixing in each bioreactor. For the settling step, the microbial cells in all three bioreactors were allowed to settle by turning off the magnetic stirrers. For the final decanting step, the clarified liquid in each bioreactor was drained out by a peristaltic pump connected with a level probe. For any desired COD loading rate, the studied system was operated to reach a steady state condition before taking effluent and produced gas samples for analyses and measurements. The steady state was justified when the COD values and gas production rates of each bioreactor were invariant over time (<5% standard derivation).
For the first part, the three-stage ASBR system was operated at a COD loading rate range of 15-21 kg/m 3 d at 6 cycles/d because it was a continuation from previous work, where the optimum COD loading rate was 15 kg/m 3 d [25] . The liquid working volumes were fixed at 4, 6 and 20 L for the first, second and third bioreactors, respectively. In this set up, the system was found to provide the highest CH 4 production efficiency at a COD loading rate of 18 kg/m 3 d. The higher optimum COD loading rate in the present study than that obtained from the previous investigation [25] , resulted from the higher microbial concentrations in all bioreactors and the recycled methanogens present in the final effluent to the first bioreactor in the present work. 
Measurements and Analytical Methods
The gas production rate of each bioreactor was measured by a gas meter (TGO5/5, Ritter, Germany). The produced gas composition was determined by gas chromatography using a Perkin-Elmer AutoSystem instrument (Waltham, MA, USA) equipped with a thermal conductivity detector (TCD) and two packed columns in series (HayeSep D 100/120 mesh and Altech, Molecular sieve (Flemington, NJ, USA)). The injector, column and detector temperatures were kept constant at 150, 60 and 200 • C, respectively. Argon was used as a carrier gas. The feed and effluent (taken from the decanting step) samples were analysed for COD, total volatile fatty acids (VFA) concentration, VFA composition, volatile suspended solids (VSS), nitrogen and phosphorus. The COD values were determined by the dichromate oxidation method using a controllable heating block (DRB200, HACH, Loveland, CO, USA), and the absorbance was measured by a spectrophotometer (DR3800, HACH, Loveland, CO, USA) according to Standard Methods [26] . The VFA composition and total VFA concentration were determined by a high-performance liquid chromatograph (HPLC; LC-20A, Shimadzu, Kyoto, Japan), with a refractive index detector (RID; RID-20A, Shimadzu, Japan) and an Aminex HPX-87H column, (Bio-Rad Lab, Hercules, CA, USA). A 5 mM H 2 SO 4 solution was used as the mobile phase at a flow rate of 0.6 mL/min at 60 • C. All trace elements, including Fe, Cu, Ni, Co, Mn, Zn, and Mo and Na present in feed and effluent samples were analysed by atomic absorption spectrophotometry (AAS; SpectrAA 300, Varian Inc., Palo Alto, CA, USA). The VSS of the effluent samples taken from the decanting step and the MLVSS taken during the reacting step were used to represent the microbial washout from each bioreactor and the microbial concentration in each bioreactor, respectively. Both VSS and MLVSS were analysed according to Standard Methods [26] . Organic nitrogen was analysed by the diazotization and cadmium reduction method while inorganic nitrogen components were analysed by the salicylate method with TNT persulfate digestion (HACH, Loveland, CO, USA). The total phosphorous contents in the feed and effluent samples were determined by the molybdovanadate method with the acid persulfate digestion method (HACH, Loveland, CO, USA).
Calculation
For any studied COD loading rate, all experimental data were averaged with error bars from at least 5 data points obtained under the steady state condition. The process performance of the three-stage ASBR system was determined in terms of the gas production rates, yields and specific gas production rates (SHPR for H 2 and SMPR for CH 4 ) of H 2 and CH 4 , as described in our previous studies [20, 23, 24, 27] . This following section is divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation as well as the experimental conclusions that are drawn. Figure 2a shows the effect of the COD loading rate on the COD removal level and gas production rate in the first bioreactor. Both the COD removal and gas production rate increased when the COD loading rate was increased from 15 to 18 kg/m 3 d to maximum values of 49.6% for COD removal and 11.8 L/d for gas production. This can be explained by the fact that higher COD loading rates gave higher levels of available substrates for the microbes to produce gaseous products. However, further increasing the COD loading rate from 18 to 21 kg/m 3 d drastically decreased both the COD removal level and gas production rate. This was likely to be due to the toxicity resulting from VFA accumulation, as experimentally confirmed by the results of VFA (Figure 2c ) and discussed below.
Results and Discussion
Part I: Effect of COD Loading Rate
Process Performance of the First Bioreactor
As shown in Figure 2b , the composition of gas produced by the first bioreactor consisted mainly of CO 2 and CH 4 with a small amount of H 2 . The CH 4 concentration slightly decreased with an increasing COD loading rate, while the CO 2 concentration showed the opposite trend. The H 2 content in the produced gas was very low (less than 3%) and only slightly varied with the COD loading rate. The very low H 2 concentration in the first bioreactor resulted from the accumulation of the methanogens, which was caused by the sludge presented in the final effluent from the third bioreactor being recycled to the first bioreactor. Hence, most of the produced H 2 was consumed in the first bioreactor. increasing the COD loading rate from 18 to 21 kg/m 3 d drastically decreased both the COD removal level and gas production rate. This was likely to be due to the toxicity resulting from VFA accumulation, as experimentally confirmed by the results of VFA ( Figure 2c ) and discussed below. As shown in Figure 2b , the composition of gas produced by the first bioreactor consisted mainly of CO2 and CH4 with a small amount of H2. The CH4 concentration slightly decreased with an increasing COD loading rate, while the CO2 concentration showed the opposite trend. The H2 content in the produced gas was very low (less than 3%) and only slightly varied with the COD loading rate. The very low H2 concentration in the first bioreactor resulted from the accumulation of the methanogens, which was caused by the sludge presented in the final effluent from the third bioreactor being recycled to the first bioreactor. Hence, most of the produced H2 was consumed in the first bioreactor. Figure 2 . Effect of the COD loading rate on the (a) COD removal and gas production rate, (b) gas composition and (c) total VFA concentration and VFA composition of the first bioreactor operated at 37 °C and 6 cycles/d. Figure 2c shows the total VFA concentration and VFA composition as a function of the COD loading rate. The total VFA concentration progressively increased with an increasing COD loading rate. The composition of the produced gas varied, depending on the COD loading rate. For any given COD loading rate, the produced VFA contained large amounts of lactic acid (HLa), acetic acid (HAc), and propionic acid (HPr) with small quantities of butyric acid (HBu) and valeric acid (HVa). Note that HLa was the most prevalent organic acid, in terms of concentration, in the studied range of the COD loading rate. The very high HLa concentrations in the first bioreactor of the studied three-stage ASBR were very different from those previously reported in single-and two-stage anaerobic systems, which, in contrast, showed very low concentrations of HLa [20, 28, 29] . The very high concentration range of HLa in the first bioreactor of the studied three-stage ASBR system resulted from the high COD loading rates, which were about three-and two-fold higher than those used in single-and twostage high rate anaerobic systems, respectively. The high COD loading rate range with the acidic condition of pH 5.5 observed in this study suggests that the acidogenic step was dominant in the first Figure 2 . Effect of the COD loading rate on the (a) COD removal and gas production rate, (b) gas composition and (c) total VFA concentration and VFA composition of the first bioreactor operated at 37 • C and 6 cycles/d. Figure 2c shows the total VFA concentration and VFA composition as a function of the COD loading rate. The total VFA concentration progressively increased with an increasing COD loading rate. The composition of the produced gas varied, depending on the COD loading rate. For any given COD loading rate, the produced VFA contained large amounts of lactic acid (HLa), acetic acid (HAc), and propionic acid (HPr) with small quantities of butyric acid (HBu) and valeric acid (HVa). Note that HLa was the most prevalent organic acid, in terms of concentration, in the studied range of the COD loading rate. The very high HLa concentrations in the first bioreactor of the studied three-stage ASBR were very different from those previously reported in single-and two-stage anaerobic systems, which, in contrast, showed very low concentrations of HLa [20, 28, 29] . The very high concentration range of HLa in the first bioreactor of the studied three-stage ASBR system resulted from the high COD loading rates, which were about three-and two-fold higher than those used in single-and two-stage high rate anaerobic systems, respectively. The high COD loading rate range with the acidic condition of pH 5.5 observed in this study suggests that the acidogenic step was dominant in the first bioreactor and so the main products were various organic acids with a small amount of ethanol (EtOH), as shown in the following biochemical reactions summarized in Equations (1)- (9) 
In addition, EtOH can be also produced from the reaction between HAc and H 2 , as shown in Equation (9) [24] .
As shown in Figure 2c , the total VFA concentration steadily increased with an increasing COD loading rate. In other words, VFA gradually accumulated in the system when the COD loading rate increased [30] . The results show that the toxic level of total VFA to the acidogens was around 10,000 mg/L as HAc, which is consistent with previous reports [20, 23] . Interestingly, among all of the produced VFAs, the highest increase was HPr and followed by HLa and HAc while HBu and HVa varied insignificantly when the COD loading rate increased. Again, the results suggest that the acidogenic step was dominant in the first bioreactor. The unusually high concentration of HLa resulted from the very high COD loading rate conditions.
Process Performance of the Second Bioreactor
The effects of the COD loading rate on the COD removal and gas production rate of the second bioreactor are presented in Figure 3a . The COD removal profile showed the same trend as that in the first bioreactor. The highest COD removal of 55.5% was obtained at the optimum COD loading rate of 18 kg/m 3 d, while the lowest COD removal of 22.2% was found at the highest COD loading rate of 21 kg/m 3 d. The gas production rate steadily declined as the COD loading rate increased.
The biogas produced in the second bioreactor contained mainly CH 4 and CO 2 with a small content of H 2 (lower than 1%). The CH 4 concentration slightly increased with an increasing COD loading rate and reached a maximum value at a COD loading rate of 18 kg/m 3 d and then declined significantly at the higher COD loading rate of 21 kg/m 3 d. The profile of CO 2 content in the produced biogas exhibited the opposite trend to that of CH 4 . The same explanation for the effect of the COD loading rate on the process performance of the first bioreactor can be used for that of the second bioreactor. Figure 3c shows the total VFA concentration and VFA composition as a function of the COD loading rate. The total VFA concentration linearly increased with an increasing COD loading rate. At a COD loading rate lower than the optimum value, the produced VFAs contained mainly HPr and HAc with small amounts of HBu and HVa. When the COD loading rate increased from 15 to 18 kg/m 3 d, all organic acids increased significantly except for a small increase in HPr. At the highest COD loading rate, representing the overload condition, the formation of HLa appeared with increased levels of all of the organic acids. The decreased COD removal, gas production rate and %CH 4 beyond the optimum COD loading rate (18 kg/m 3 d) resulted from the toxicity of the VFA accumulation. The VFA compositions and the produced gas in the first and second bioreactors suggest that the acetogenic step was dominant with significant methanogenic activity in the second bioreactor under these high COD loading rates. The profile of total VFA concentration in the second bioreactor indicated that the toxicity level of VFA to the acetogens was around 6000 mg/L as HAc. Figure 3 . Effect of the COD loading rate on the (a) COD removal and gas production rate, (b) gas composition and (c) total VFA concentration and VFA composition of the second bioreactor operated at 37 °C and 6 cycles/d.
Process Performance of the Third Bioreactor
The COD removal and gas production rate in the third bioreactor steadily increased with an increasing COD loading rate ( Figure 4a ). As shown in Figure 4b , the produced gas contained only CH4 and CO2 without H2. The concentrations of both CH4 and CO2 remained almost unchanged under the studied COD loading rates. A comparison of the CH4 contents in the produced gas in all three bioreactors revealed a very high CH4 concentration (about 80%) in the produced gas of the third bioreactor, suggesting that methanogenesis with a high hydrogenotrophic pathway activity was dominant in the system.
As shown in Figure 4c , the total VFA concentration increased with an increasing COD loading rate. The produced VFAs contained mainly HAc and HPr with small amounts of HBu and HVa. All VFAs increased with increasing COD loading rates, with the highest increase being observed for HAc. The results suggest that the rate of the acetogenic step increased with an increasing COD loading rate in the third bioreactor.
The increased gas production rate and COD removal with increasing COD loading levels suggest that the process was not markedly affected by the inhibition of methanogens by the accumulation of VFA under these high COD loading rates. Previous studies at lower COD loading rates found the toxic level of VFA to methanogens to be in the range of 400-800 mg/L as HAc [24, 25] . The very high tolerance ability of the methanogens in the third bioreactor to withstand the very high VFA concentration (up to 2100 mg/L as HAc) resulted from the high total alkalinity (about 6500 mg/L as CaCO3) and high solution pH (7.5) in the third bioreactor. The higher the alkalinity and pH, the higher the fraction of produced VFA in dissociated (ionized) forms which are less toxic than the free acid forms. This is one reason why the developed three-stage ASBR system could provide an optimum COD loading rate that was much higher than those of both single-and two-stage anaerobic processes. 
The COD removal and gas production rate in the third bioreactor steadily increased with an increasing COD loading rate ( Figure 4a ). As shown in Figure 4b , the produced gas contained only CH 4 and CO 2 without H 2 . The concentrations of both CH 4 and CO 2 remained almost unchanged under the studied COD loading rates. A comparison of the CH 4 contents in the produced gas in all three bioreactors revealed a very high CH 4 concentration (about 80%) in the produced gas of the third bioreactor, suggesting that methanogenesis with a high hydrogenotrophic pathway activity was dominant in the system.
The increased gas production rate and COD removal with increasing COD loading levels suggest that the process was not markedly affected by the inhibition of methanogens by the accumulation of VFA under these high COD loading rates. Previous studies at lower COD loading rates found the toxic level of VFA to methanogens to be in the range of 400-800 mg/L as HAc [24, 25] . The very high tolerance ability of the methanogens in the third bioreactor to withstand the very high VFA concentration (up to 2100 mg/L as HAc) resulted from the high total alkalinity (about 6500 mg/L as CaCO 3 ) and high solution pH (7.5) in the third bioreactor. The higher the alkalinity and pH, the higher the fraction of produced VFA in dissociated (ionized) forms which are less toxic than the free acid forms. This is one reason why the developed three-stage ASBR system could provide an optimum COD loading rate that was much higher than those of both single-and two-stage anaerobic processes.
Energies 2018, 11, x FOR PEER REVIEW 8 of 16 Figure 4 . Effect of the COD loading rate on the (a) COD removal and gas production rate, (b) gas composition and (c) total VFA concentration and VFA composition of the third bioreactor operated at 37 °C and 6 cycles/d.
Microbial Concentrations and Microbial Washout Levels
The effects of the COD loading rate on the MLVSS (representing the microbial concentration) and the effluent VSS (representing the microbial washout) of each bioreactor are shown in Figure 5 . For the first bioreactor, as the COD loading rate increased, the MLVSS gradually decreased, while the second and third bioreactors both showed the opposite trend. The microbial washout profile of each bioreactor increased and reached a maximum level at the optimum COD loading rate. Beyond the optimum COD loading rate, the microbial washout slightly decreased when the COD loading rate increased from 18 to 21 kg/m 3 d. The very high concentrations of microbial cells in all bioreactors resulted from both the recycling of the microbial sludge from the third bioreactor to the first bioreactor and the long operation time (12-24 months) without the withdrawal of excess sludge from the system under the high COD loading rate conditions. The very high microbial concentration in all bioreactors was the main reason why the three-stage ASBR system exhibited a high process performance, compared to single-and two-stage anaerobic processes. 
Micronutrients
Sufficient quantities of nutrients are needed for both high bacterial activity and growth in anaerobic digestion [31] . Apart from the macronutrients N and P, trace elements (micronutrients), such as Co, Cu, Fe, Mo, Mn, Ni and Zn, are also essential for the metabolic activity of anaerobes [32] [33] [34] . Fundamentally, various divalent cations (M 2+ ) can chemically combine with dissolved sulfide ion (S 2− ) dissociated from the produced hydrogen sulfide, as shown in Equations (10)- (13) to form insoluble metal sulfides [35] , resulting in the shortage of some micronutrients in anaerobic bioreactors. 
H2S(g)
The concentrations of some micronutrients in the feed and the effluents of all ASBR bioreactors at different COD loading rates compared to the theoretical values for anaerobic digestion are presented in Table 2 . The ethanol wastewater contained sufficient amounts of all micronutrients. For any COD loading rate, the profiles of all micronutrient concentrations declined markedly after passing through each bioreactor, presumably due to the precipitation of metal sulfides from the reaction of the produced sulfide ions with all micronutrients in the form of divalent cations [34] . Surprisingly, all micronutrients were still present in sufficient amounts for anaerobic digestion in the studied three-stage ASBR system, in contrast to most single-and two-stage anaerobic systems that have a shortage of some micronutrients [34, [36] [37] [38] . The results can be explained by the fact that the three-stage ASBR system of this study had a very high VFA concentration with an extremely high alkalinity and solution pH (5000-5400 mg/L as CaCO3 and pH 6-7 for the second bioreactor and 6000-6500 mg/L as CaCO3 and pH 7.2-7.5 for the third bioreactor), especially in the third bioreactor, resulting in most of the produced H2S (less than 50 ppm in all three bioreactors under the studied COD loading rate) being neutralized. As a result, the system had a lower available amount of free sulfide (S 2− ) to react with all the micronutrients (divalent cations). 
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Part II: Effect of the Bioreactor Volumetric Ratio
In this part, the effect of a bioreactor volumetric ratio was investigated under the base operational conditions Figure 6a shows the effect of the bioreactor volumetric ratio on the overall COD removal and the overall gas production rate. Both the overall COD removal and gas production rate showed a similar trend with a maximum overall COD removal level (92.1%) and gas production rate (7.6 L/d) being obtained at the bioreactor volumetric ratio of 5:5:20, compared to 83.5% and 3.7 L/d, respectively, at a bioreactor volumetric ratio of 6:6:18, which corresponded to the results of MLVSS as discussed in Section 3.2.7.
Overall COD Removal and Gas Production Rate
Gas Composition of Mixed Gas
The composition of the mixed gas produced from the three bioreactors as a function of the volumetric ratio of the three bioreactors is shown in Figure 6b . The highest CH 4 and lowest CO 2 content were found at a bioreactor volumetric ratio of 4:6:20. However, the maximum H 2 content was found at a volumetric ratio of 5:5:20, which correlated to the highest of MLVSS in the first ASBR bioreactor at this volumetric ratio, as further explained in Section 3.2.7. Moreover, it clearly showed that the volumetric ratio of 6:6:18 provided a higher value of CO 2 content than CH 4 , suggesting that the lowest volume of the third bioreactor gave the lowest rate of the methanogenesis. Figure 6c shows the effect of the volumetric ratio on the H 2 and CH 4 production rates of the three-stage ASBR system operated at the constant COD loading rate of 18 kg/m 3 d. Both the H 2 and CH 4 production rates had similar trends to the gas production rates (Figure 6a ). The three-stage ASBR system operated at the volumetric ratio of 5:5:20 also gave the highest H 2 and CH 4 production rates, suggesting that this volumetric ratio provided the highest activities for all three steps-acidogenesis, acetogenesis and methanogenesis-corresponding to the highest microbial concentrations in all three bioreactors as discussed in Section 3.2.7.
Overall H 2 and CH 4 Production Rates
Overall H 2 and CH 4 Yields
The overall H 2 and CH 4 yields, based on both the COD applied and COD removed as a function of the volumetric ratio of the three-stage ASBR system are shown in Figure 6d ,e, respectively. The three-stage ASBR system with a volumetric ratio of 5:5:20 provided the highest yields of both overall H 2 and CH 4 , corresponding to the highest MLVSS values of all three bioreactors, as discussed in Section 3.2.7. Note that the effect of the volumetric ratio on the overall yields of H 2 and CH 4 was much greater than that on the overall COD removal.
Specific Energy Production Rate and Yield of Mixed Gas
The specific energy production rate and yield of the mixed gas as a function of the bioreactor volumetric ratio are shown in Figure 6f . The values of the specific energy production rate and yield of the mixed gas were calculated based on the heating values of H 2 and CH 4 of 242 and 801 kJ/mol, respectively [1, 39, 40] . The profiles of both the specific energy production rate and yield showed similar trends to that of the CH 4 yield since the mixed gas mostly contained CH 4 with a very small portion of H 2 . At the optimum bioreactor volumetric ratio of 5:5:20, the system gave the highest process performance in terms of overall COD removal, gas production rates and yields and specific energy production rate and yield. overall H2 and CH4, corresponding to the highest MLVSS values of all three bioreactors, as discussed in Section 3.2.7. Note that the effect of the volumetric ratio on the overall yields of H2 and CH4 was much greater than that on the overall COD removal.
The specific energy production rate and yield of the mixed gas as a function of the bioreactor volumetric ratio are shown in Figure 6f . The values of the specific energy production rate and yield of the mixed gas were calculated based on the heating values of H2 and CH4 of 242 and 801 kJ/mol, respectively [1, 39, 40] . The profiles of both the specific energy production rate and yield showed similar trends to that of the CH4 yield since the mixed gas mostly contained CH4 with a very small portion of H2. At the optimum bioreactor volumetric ratio of 5:5:20, the system gave the highest process performance in terms of overall COD removal, gas production rates and yields and specific energy production rate and yield. Figure 6 . Effect of the bioreactor volumetric ratio on the (a) overall COD removal and overall gas production rate, (b) composition of mixed gas, (c) H2 and CH4 production rates of mixed gas, (d) H2 yields, (e) CH4 yields and (f) total energy yield and specific energy production rate of mixed gas when the three-stage ASBR system was operated at a COD loading rate of 18 kg/m 3 d, 37 °C and 8 cycles/d. Figure 6 . Effect of the bioreactor volumetric ratio on the (a) overall COD removal and overall gas production rate, (b) composition of mixed gas, (c) H 2 and CH 4 production rates of mixed gas, (d) H 2 yields, (e) CH 4 yields and (f) total energy yield and specific energy production rate of mixed gas when the three-stage ASBR system was operated at a COD loading rate of 18 kg/m 3 d, 37 • C and 8 cycles/d.
VFA Levels
The total VFA concentration in each bioreactor as a function of the volumetric ratio is shown in Figure 7 , where the total VFA concentration in each bioreactor tended to increase when the volumetric ratio increased. The increasing volumetric ratio simply increased either the volume of the first or second bioreactor, leading to an increase in either the acidogenic or acetogenic activity at the expense of the methanogenic activity. Interestingly, the formation of HLa appeared only in the first bioreactor with low volumetric ratios of 4:6:20 and 5:5:20, suggesting that the high COD loading rate conditions caused the formation of HLa. The total VFA concentration in each bioreactor as a function of the volumetric ratio is shown in Figure 7 , where the total VFA concentration in each bioreactor tended to increase when the volumetric ratio increased. The increasing volumetric ratio simply increased either the volume of the first or second bioreactor, leading to an increase in either the acidogenic or acetogenic activity at the expense of the methanogenic activity. Interestingly, the formation of HLa appeared only in the first bioreactor with low volumetric ratios of 4:6:20 and 5:5:20, suggesting that the high COD loading rate conditions caused the formation of HLa. 
Microbial Concentrations
The MLVSS values of each bioreactor at different volumetric ratios are shown in Figure 8 . Interestingly, the volumetric ratio of 5:5:20 provided the highest microbial concentrations (MLVSS) in all three bioreactors, suggesting that a good balance of all three steps (acidogenesis, acetogenesis and methanogenesis) was achieved at this volumetric ratio. Thus, either higher or lower volumetric ratios than the optimum could lead to increased microbial washout from all bioreactors. The highest obtained microbial concentration at the optimum volumetric ratio of 5:5:20 was responsible for the maximum process performance of the studied three-stage ASBR system in terms of gas yields and COD removal. 
Comparison of Process Performance
As shown in Table 3 , the studied three-stage ASBR system exhibited a superior process performance, specifically, a much higher optimum COD loading rate and energy production yield, compared to both single-and two-stage anaerobic processes treating various wastewaters. This is because the three-stage ASBR system is able to provide very high concentrations of microbial cells in all bioreactors and proper environmental conditions in each bioreactor for the main three steps of anaerobic digestion. 
Conclusions
A three-stage ASBR system was developed and tested for the separate production of H2 and CH4 with an emphasis on CH4 production by recycling both the effluent and washout sludge from the third bioreactor to the first bioreactor. The studied three-stage ASBR system had a very high optimum COD loading rate of 18 kg/m 3 d because of the very high microbial concentrations in all three bioreactors without any deficit of micronutrients, due to the high alkalinity and solution pH in the system, especially in the third bioreactor. Under the optimum COD loading rate condition of 18 kg/m 3 d and bioreactor volumetric ratio of 5:5:20, the three-stage ASBR system provided a very high energy production yield compared with the single-and two-stage anaerobic processes used for treating various wastewaters. 
Comparison of Process Performance
Conclusions
A three-stage ASBR system was developed and tested for the separate production of H 2 and CH 4 with an emphasis on CH 4 production by recycling both the effluent and washout sludge from the third bioreactor to the first bioreactor. The studied three-stage ASBR system had a very high optimum COD loading rate of 18 kg/m 3 d because of the very high microbial concentrations in all three bioreactors without any deficit of micronutrients, due to the high alkalinity and solution pH in the system, especially in the third bioreactor. Under the optimum COD loading rate condition of 18 kg/m 3 d and bioreactor volumetric ratio of 5:5:20, the three-stage ASBR system provided a very high energy production yield compared with the single-and two-stage anaerobic processes used for treating various wastewaters. 
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